the inducible cAMP early repressor (ICER) in islets also develop severe diabetes with reduced islet cell mass, which was attributed to a defect in ␤ cell proliferation Summary
(Inada et al., 2004). cAMP and calcium pathways trigger CREB Ser133 Elevations in circulating glucose and gut hormones phosphorylation and target gene activation via the Ser/ during feeding promote pancreatic islet cell viability
Thr kinases PKA and CaMKIV, respectively (Mayr and in part via the calcium-and cAMP-dependent activa- ). Ser 133 phosphorylation, in turn, stimtion of the transcription factor CREB. Here, we deulates target gene expression via recruitment of the coscribe a signaling module that mediates the syneractivator paralogs CBP and p300. CREB and CBP/p300 gistic effects of these pathways on cellular gene interact through well-defined domains called KID and expression by stimulating the dephosphorylation and KIX, respectively (Radhakrishnan et al., 1997). The ability nuclear entry of TORC2, a CREB coactivator. This of cAMP and calcium signals to converge at the level module consists of the calcium-regulated phosphaof CREB Ser133 phosphorylation provides a plausible tase calcineurin and the Ser/Thr kinase SIK2, both of mechanism to explain how CREB mediates the cooperawhich associate with TORC2. Under resting conditivity between these pathways in electrically excitable tions, TORC2 is sequestered in the cytoplasm via a cells.
phosphorylation-dependent interaction with 14-3-3
Recent studies showing that calcium signals destabiproteins. Triggering of the calcium and cAMP second lize the CREB:CBP complex through secondary phosmessenger pathways by glucose and gut hormones phorylation events on CREB, however, have challenged disrupts TORC2:14-3-3 complexes via complementary this model and argued for the involvement of additional effects on TORC2 dephosphorylation; calcium influx CREB coactivators (Kornhauser et al., 2002) . Indeed, a increases calcineurin activity, whereas cAMP inhibits potential role for the CREB DNA binding/dimerization SIK2 kinase activity. Our results illustrate how a phosdomain (bZIP) in mediating transcriptional responses phatase/kinase module connects two signaling pathto both calcium influx and cAMP has emerged from ways in response to nutrient and hormonal cues.
previous studies with GAL4-CREB fusion proteins (Sheng et al., 1991) . In that case, the bZIP appeared to Introduction contribute significantly to induction of CREB activity in response to membrane depolarizing signals, implicating Elevations in blood glucose levels during feeding stimuthis domain in mediating the association of CREB with late insulin release and islet cell gene expression in ␤ a calcium-regulated coactivator. cells through a specialized pathway that requires mitoIn a recent screen to identify novel modulators of chondrial glucose oxidation and ATP production ( second messengers in islet cells prompted us to ad-dress the regulatory contributions of TORC toward this respectively. Exposure to FSK stimulated the CREB: CBP interaction 20-fold by this assay, but KCl had no process. Our studies illustrate a mechanism by which calcium and cAMP pathways converge on TORC in islet effect ( Figure 1E ). Costimulation with both FSK and KCl promoted complex formation at levels comparable to cells to regulate cellular gene expression in response to nutrient and hormonal cues.
FSK alone, arguing against a role for the CREB:CBP complex in mediating the synergism between cAMP and calcium pathways.
Results
Having observed that cAMP and calcium do not promote CREB:CBP complex formation cooperatively, we The CREB bZIP Domain Mediates Cooperativity tested the role of the CREB bZIP domain, which has between cAMP and Calcium Signals been previously implicated in this process (Sheng et al., We examined the effects of glucose and the gut hor-1991). In transient assays of HIT cells, KCl and FSK mone GLP-1 on CREB target gene expression in MIN6 stimulated the activity of a full-length GAL4 CREB (aa insulinoma cells. Treatment with high glucose or the 1-341) construct cooperatively, and these effects were GLP-1 analog exendin-4 stimulated expression of the blocked by treatment with CsA ( Figure 1F ). By contrast, cAMP-responsive NR4A2 gene (Conkright et al., 2003b) a GAL4-CREB ⌬bZIP (aa 1-283) protein lacking the 5-and 3-fold individually and 20-fold in combination C-terminal bZIP domain (aa 284-341) was far less re-( Figure 1A ). Exposure to nifedipine, a potent L-type calsponsive to both stimuli as well as to inhibition by CsA, cium channel antagonist, blocked induction of NR4A2 underscoring the involvement of the bZIP domain in this by glucose, demonstrating the importance of calcium context ( Figure 1F ). influx for these effects ( Figure 1B) . The calcium-acti-
The importance of the bZIP domain for GAL4-CREB vated Ser/Thr phosphatase calcineurin/PP2B (Cn) apactivation by KCl and FSK could reflect either recruitpeared to be critical for cooperativity between glucose ment of a cofactor or dimerization of the bZIP with enand exendin-4, as treatment with the Cn inhibitor cyclodogenous CREB proteins. To differentiate between sporine A (CsA) blocked induction of NR4A2 mRNA in these two possibilities, we performed knockdown studresponse to both stimuli ( Figure 1B) .
ies. In control experiments, CREB siRNAs reduced celluBased on the ability of glucose to activate L-type lar CREB protein levels to near-undetectable levels and calcium channels, we used depolarizing concentrations blocked the induction of a transfected EVX1 reporter by of KCl (45 mM) to mimic these effects in HIT insulinoma FSK (see Supplemental Figure S2 on the Cell web site).
cells. Similarly, we employed forskolin (FSK), an adenyl
Despite their effects on endogenous CREB levels and cyclase agonist, in place of exendin-4 because of its activity, CREB siRNAs had no effect on the induction of ability to enhance ␤ cell function via the cAMP pathway the GAL4-bZIP protein by FSK in HEK293T cells ( proteins mediate the synergistic effects of cAMP and calcium signals on target gene expression. We perThe ability of both calcium influx and cAMP to promote Ser133 phosphorylation of CREB prompted us to test formed knockdown studies using siRNAs against TORC2 since this protein is expressed most abundantly in insuwhether activation of the two pathways leads to cooperative changes in Ser133 phosphorylation and recruitlinoma and HEK293T cells relative to the other family members (TORC1 and TORC3, data not shown). Indeed, ment of the coactivator paralogs CBP and p300. When added to HIT cells in combination, KCl and FSK had no addition of TORC2 siRNAs nearly eliminated the induction of GAL4-bZIP activity by FSK in HEK293T cells greater effect on phospho-CREB levels relative to either stimulus alone ( Figure 1D ). Moreover, exposure to CsA (Figure 2A ). TORC2 knockdown also reduced the effects of glucose and exendin-4 on EVX1 reporter activity in did not alter CREB Ser133 phosphorylation in response to either stimulus, despite the ability of CsA to block MIN6 insulinoma cells, demonstrating the importance of TORC2 in these contexts ( Figure 2B ). The inhibitory the cooperative effects of KCl and FSK on CREB activity (Schwaninger et al., 1995) (Figure 1D) . effect of TORC2 knockdown on CREB activity appears specific because overexpression of an RNAi-insensitive Although calcium and cAMP pathways do not synergize at the level of CREB Ser133 phosphorylation, they TORC2 construct rescued EVX1 reporter induction by FSK (Supplemental Figure S4) . could exert cooperative effects on the CREB:CBP interaction by modifying CBP (Impey et al., 2002) 
or a novel
Based on the importance of TORC2 for bZIP-dependent activation, we examined whether overexpression component of this pathway. To test this notion, we performed mammalian two-hybrid assays in HIT cells using of TORC2 was sufficient to potentiate CREB target gene expression in response to cAMP and calcium influx. By GAL4-KID and KIX-VP16 expression vectors, which contain the relevant interaction domains for CREB and CBP, contrast with its modest effects in resting HIT cells, TORC2 stimulated EVX1 reporter activity 60-fold in refound to be defective in TORC2 binding by GST pulldown and gel mobility shift assays ( Figures 2E and 2F ). sponse to FSK and 6-fold following exposure to KCl ( Figure 2C ). Cotreatment with FSK and KCl enhanced Furthermore, TORC2 was unable to potentiate the activity of Arg314Ala mutant compared to wild-type CREB TORC2 activity more than 300-fold, and this cooperativity was blocked by pretreatment with CsA ( Figure 2C ). in transient assays with an EVX1 reporter (Supplemental Figure S6 ). The Arg314Ala mutation in CREB affected CREB was required for TORC2 potentiation, as siRNAmediated knockdown of CREB eliminated these effects neither dimerization nor DNA binding properties of the CREB bZIP domain, indicating that loss of TORC2 poin transient assays with an EVX1 reporter ( Figure 2D ).
To determine whether the CREB:TORC complex is tentiation reflects a direct effect on formation of the TORC:CREB complex and not on CREB occupancy necessary for cooperativity between cAMP and calcium signals, we screened for mutations in the bZIP domain (Supplemental Figure S7) . The association of TORC with the bZIP domain also had no effect on binding site selecthat block this interaction. Based on the sensitivity of the CREB:TORC complex to high-salt conditions (data tivity; in gel shift assays using the CREB-related CREM protein, CREM:TORC complexes were formed only on not shown), we tested whether Ala mutations at charged residues within the CREB leucine zipper would disrupt CRE sites as opposed to lower-affinity AP-1 sites (Supplemental Figure S8 ). These experiments suggest that this association. Of five mutants tested, Arg314Ala was regulates TORC2 phosphorylation at one principal site 14-3-3 proteins bind directly to multiple phosphorylated regions on TORC2. (Figure 4C ). Although exposure to KCl had minor effects by 2D mapping, treatment with KCl plus CsA specifically
In view of their ability to promote TORC2 dephosphorylation at Ser171 and other sites, KCl and FSK might enhanced spots 2 and 5. These results support the notion that cAMP and calcium pathways regulate dephosbe expected to modulate the TORC2:14-3-3 interaction. Indeed, exposure to either stimulus reduced TORC2 phorylation of TORC2 at distinct sites.
We assigned relevant phosphoacceptor sites that corbinding to 14-3-3 by Far Western blot assay, and cotreatment with CsA reversed these effects ( Figure 5B ). respond to cAMP-and calcium-regulated spots by performing mutational studies on phosphorylated serines These results support the idea that cAMP and calcium influx individually disrupt the TORC:14-3-3 interaction identified by MS. Although a number of substitutions (Ser70Ala and Ser394Ala; data not shown) had no effect by promoting dephosphorylation of TORC2 at distinct sites. on 2D maps of 32 P-labeled TORC2, mutation of Ser171 to Ala eliminated spot 4, and Ser369Ala mutation disrupted
The ability of CsA to interfere with TORC2 dephosphorylation and liberation from 14-3-3 proteins led us spots 2 and 5 ( Figure 4C ). Spots 2 and 5 appear to correspond to differentially phosphorylated forms of the to examine the role of Cn in regulating TORC2 activity. Notably, Cn A and B subunits were recovered from imsame 19 kDa tryptic fragment (aa 243-428) of TORC2, which contains 38 potential serine phosphoacceptors.
munoprecipitates of Flag-TORC2 in MS studies, and we confirmed these results in pull-down assays using fullHaving identified Ser171 as a principal phosphorylation site on TORC2 that is dephosphorylated in response length 35 S-labeled TORC2 with GST-CnA (aa 1-347) (Figure 5C ). The Cn:TORC2 interaction also appears direct; to cAMP, we developed a phospho (Ser171)-specific TORC2 antiserum. Consistent with 32 P labeling studies, in Far Western blotting assays, a recombinant CnA polypeptide was found to bind efficiently to Flag-TORC2 treatment with FSK reduced levels of phospho (Ser171) TORC2 6-fold within 10 min ( Figure 4D ). Exposure to recovered from anti-Flag immunoprecipitates from HIT cells ( Figure 5D ). By contrast with the TORC2:14-3-3 KCl alone had a small effect (2-fold) on phospho (Ser171) TORC2 levels, but costimulation with both FSK and KCl interaction, however, dephosphorylation of TORC2 with CIP had no effect on CnA binding, indicating that the reduced amounts of phospho (Ser171) TORC2 cooperatively (12-fold). These results indicate that, although cal-TORC2:CnA complex is not modulated by phosphorylation ( Figure 5D ). cium and cAMP pathways promote dephosphorylation at independent sites on TORC2, they converge on 
Durocher et al., 2000). Confirming the results from MS
The importance of Ser171 as a major regulatory site analysis, endogenous 14-3-3 proteins were recovered for dephosphorylation in response to FSK and KCl from IPs of Flag-TORC2 prepared from HEK293T cells prompted us to examine whether Ser171Ala mutagene-( Figure 5A, left) . Given the importance of Ser171 as a sis alters TORC2 activity in response to these stimuli. primary phosphorylation site on TORC2, we tested Compared with the wild-type protein, Ser171Ala mutant whether the Ser171Ala mutant polypeptide was also as-TORC2 was 3-fold more active under basal conditions sociated with 14-3-3 in cells. By contrast with the levels in HIT ( Figure 5E ) and HEK293T ( Figure 5F ) cells, and of 14-3-3 protein recovered from IPs of wild-type treatment with KCl or FSK had only modest effects on TORC2, 14-3-3 proteins were only weakly detected in Ser171Ala mutant TORC2 activity. These results support IPs of Ser171Ala mutant TORC2. These results support the notion that Ser171 is a key site for cooperative inducthe involvement of Ser171 in the TORC2:14-3-3 intertion of TORC2 activity by cAMP and calcium signaling action.
pathways. To further test the importance of TORC2 phosphorylation for complex formation with 14-3-3 protein, we used Far Western blotting assays. A recombinant GST-14-3-TORC2 Associates with the Ser/Thr Kinase SIK2 Based on the extensive phosphorylation of TORC2 in 3 polypeptide was found to bind phosphorylated TORC2 isolated from HIT cells under basal conditions but not quiescent cells, we speculated that an inhibitory Ser/ Thr kinase may interact with and sequester TORC2 in TORC2 dephosphorylated in vitro with CIP ( Figure 5A,  right) . Consistent with the importance of Ser171 as a the cytoplasm. Using in vitro kinase assays on TORC2 immunoprecipitates, we found that a Ser/Thr kinase acprincipal phosphorylation site on TORC2, mutation of Ser171 to Ala substantially reduced complex formation tivity was associated with TORC2 in cytoplasmic (C) but not nuclear (N) fractions of HEK293T cells ( Figure 6A , with 14-3-3, although not to the same extent as CIP treatment (Figure 5A, right) . These results indicate that left). Indeed, the TORC2 kinase activity appeared to previously found to inhibit transcription of cAMPphorylation-defective (Ser587Ala) mutant SIK2, however, demonstrating the importance of SIK2 phosphoryresponsive genes (Doi et al., 2002) . We confirmed the association between SIK2 and TORC2 in coimmunolation by PKA for TORC2 nuclear entry in response to cAMP. The phosphorylation of TORC2 at Ser171 by SIK2 precipitation (CoIP) assays of HEK293T cells cotransfected with SIK2 and Flag-TORC2 expression vectors appears pivotal in this regard; TORC Ser171Ala mutant protein was targeted to the nucleus of ATYB1 cells under ( Figure 6B) . Indeed, TORC2 mobility was noticeably reduced in cells coexpressing SIK2, consistent with the both basal and cAMP stimulated conditions ( Figure 7C,  bottom) . Taken together, these results indicate that the idea that this kinase directly phosphorylates TORC2 in vivo ( Figure 6B) . SIK2-mediated phosphorylation of TORC2 at a single site (Ser171) favors sequestration of TORC2 and inhibiBased on in vitro phosphorylation studies with potential SIK2 substrates, we deduced an optimal consensus tion of CREB activity in the basal state ( Figure 7D ). motif for SIK2 phosphorylation (LXBS/TXSXXXL, where B is a basic residue; Supplemental Table S1 ). RemarkDiscussion ably, TORC2 contains a single consensus site for SIK2 phosphorylation corresponding to Ser171 (aa 166-LNRWe have described a mechanism by which two second TSSDSAL). Indeed, SIK2 was found to phosphorylate messenger pathways converge on CREB to regulate ␤ wild-type but not Ser171Ala mutant GST-TORC2 [162] [163] [164] [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] [176] [177] [178] [179] cell gene expression in response to glucose and gut in vitro ( Figure 6C ). SIK2 did not appear to phosphorylate hormones. The synergistic effects of these pathways on other potential sites on TORC2, including Ser70 and cellular gene expression require the CREB bZIP domain, Ser394 (data not shown), suggesting that Ser171 is the a region which has been found to contribute functionally principal phosphoacceptor site for this kinase.
to Figure 7B ). SIK2 kinase activity was required for CREB is constitutively targeted to the nucleus, for example, and its phosphorylation at Ser133, along with inhibition, as overexpression of a kinase-inactive SIK2 mutant (K49M) had no such effect. Consistent with a role CREB:CBP complex formation, in response to inductive signals is rate limited by nuclear entry of relevant Ser/Thr for cAMP in regulating SIK2, the PKA phosphorylationdefective SIK2 (Ser587Ala) mutant was more potent in kinases via passive diffusion, a comparatively inefficient process. By contrast, TORC2 is cytoplasmic under restblocking EVX1 reporter activity in response to FSK (Figure 7B) .
ing conditions, undergoing rapid dephosphorylation and nuclear translocation within minutes of stimulation. The Having seen that SIK2 enhances the TORC2:14-3-3 interaction via phosphorylation at Ser171, we reasoned cytoplasmic localization of TORC in resting cells may thus provide improved coupling with early signaling that SIK2 would correspondingly promote cytoplasmic sequestration of TORC2. In immunocytochemical studevents at the plasma membrane and insure that shortlived signals are efficiently transmitted to the nucleus. ies of ATYB1 cells, Flag-TORC2 was localized to both nuclear and cytoplasmic compartments under resting Under resting conditions, TORC2 is sequestered in the cytoplasm through a phosphorylation-dependent inconditions ( Figure 7C ). However, coexpression of SIK2 in these cells resulted in exclusive cytoplasmic localizateraction with 14-3-3 proteins. Calcium and cAMP agonists were found to stimulate the dephosphorylation of tion of TORC2. Consistent with the ability of PKA to disrupt SIK2 activity, treatment with FSK promoted TORC at distinct sites (Ser171 and Ser369). Although both sites appear to participate in 14-3-3 binding, phos-TORC2 nuclear translocation in SIK2-expressing cells. FSK had no such effect in cells expressing the phospho (Ser171) performs a dominant role. Indeed, binding tures were analyzed by MudPIT analysis (Link et al., 1999) . Tandem mass spectra were searched against the most recent versions of Experimental Procedures the predicted rat, mouse, and human proteins, to which common contaminants such as keratin and trypsin were added using a modiChemicals fied version of the PEP_PROB algorithm. Search results were filtered LMB and Exendin-4 (Sigma, Saint Louis, MO) were used at 10 ng/ml and grouped using DTASelect (Tabb et al., 2002) . For phosphorylaand 10 nM, respectively. Nifedipine (10 M), cyclosporine A (CsA, tion analysis, a subset database was generated containing only 5 M), and okadaic acid (OA, 100 nM) were from Calbiochem (San TORC2. Phosphorylation sites that were matched by multiple tanDiego, CA). Cells were treated with forskolin at 10 M and with KCl dem mass spectra representing sequences of different molecular at 45 mM.
weights (from the nonspecific enzymes used in the digest) were called matches.
Recombinant Proteins
Recombinant GST CREB bZIP (aa 271-341), GST-14-3-3 ␤, GSTAcknowledgments Calcineurin A (aa 1-347), and 6XHIS-human TORC1 (aa 1-129) proteins were harvested and purified using glutathione-Sepharose
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